INTRODUCTION
Sporocytophaga myxococcoides is a common cellulolytic flexible bacterium. It has been regarded as an obligate cellulolytic bacterium, but cellobiose, glucose and mannose can also be utilized as carbon sources (Stanier, 1942; Fiihraus, 1947) . Little is known about the pathways involved in the breakdown of the carbon sources in this bacteria. Starr & Klein (1954) found enzymes from the Embden-Meyerhof-Parnas (EMP) pathway and the pentosephosphate (PP) pathway in cell-free extracts from a noncellulolytic, but otherwise poorly defined, Sporocytophage-type. Speyer (1953) also indicated that the EMP pathway is active in S. myxococcoides.
We studied the glucose catabolism in Sporocytophaga myxococcoides with radiorespirometric techniques and assays of enzyme activity in cell-free extracts.
METHODS
Organisms and growth conditions. Spo rocy tophaga m yxococcoides ~~1 3 4 8 2 (U. S . Army Natick Laboratory, Natick, Massachusetts, U.S.A.) was propagated on filter-paper strips (Whatman no. I) placed on a mineral medium described by Verma & Martin (1967) , made up with I % agar.
Decomposed filter paper with bacteria was transferred to 500 ml Erlenmeyer flasks containing 150 ml medium with 0.25 % glucose as the carbon source (Verma & Martin, 1967) .
The glucose was autoclaved separately from the other medium constituents, the medium * Present address : Central Laboratory TNO, Schoemakerstraat 97, Delft, Netherlands.
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being reconstituted after cooling. The flasks were incubated on a gyratory shaker (New Brunswick Scientific Co.) at 250 rev./min and 30 "C until a strong yellow colour had developed. From the starting cultures, 5 ml of bacterial suspension were used as inoculum for new flasks incubated under the same conditions as described above. The cultures reached the stationary phase in about 24 h and the bacteria were harvested in the late logarithmic phase. Escherichia coli B (GMBIOI-49) was used as a reference in the enzyme assays and was cultivated in the same medium and under the same conditions as Sporocytoplrage myxococcoides.
Radiorespirometric methods. For use in respirometric experiments, the bacteria were harvested by centrifugation at 90000 g for 30 min in a Spinco L2 ultracentrifuge with a 30 rotor. The bacterial mass was washed twice (0.067 M-phosphate buffer, pH 7) and centrifuged for 30 min at 30 ooo g. All centrifugations were performed at 4 "C. To remove lumps the bacterial suspensions were lightly centrifuged. The experiments were performed with resting bacteria suspended in the buffer. The suspensions were stored at 4 "C and used within 4 days. The respiratory rate of the suspensions decreased (in a linear manner) about 25 % in 4 days. No changes in respiratory pattern were observed during storage. For the experiments the dry weight was adjusted to I to 2 mg/ml.
The radiorespirometric method used was described by Raa & Gokssyr (1965). The apparatus was modified for use with automatic counting and printing of the results. The counting time and the period between countings could be selected as desired. The experiments were performed in modified two-armed Warburg vessels with a Geiger-Muller tube mounted above the main chamber. This assembly was mounted on a conventional manometer. The volumes of the vessels were about 41.5 ml. Three ml of bacterial suspension was placed in the main chamber, 0.6 ml of labelled substrate in one of the side arms, and 0.3 ml I N-HCL in the other side arm. The experiments were started by addition of the substrate and stopped by addition of the acid. The acid also forced the dissolved COz out of solution, and it was then possible to correct the results for the retention of 14C02 in the buffer.
The experiments were performed at pH 7, the optimal pH value for growth of Sporocytophaga myxococcoides. At this pH value the retention of CO, in the buffer is considerable, and the effect of the evolution of 14C02 from uniformally labelled glucose was studied by addition of acid after different lengths of time (Fig. I) . The retention was expressed as the ratio between the counts after (A,) and before (A,) the addition of acid. The retention of 14C02 was much higher at the beginning of the experiment than expected from the pH of the buffer. By using a manometric technique to measure the retention of CO,, the values thus obtained corresponded to the theoretical values throughout the course of the experiment.
This phenomenon may be explained by a lack of equilibrium between the 14COz-evolution rate and the exchange rate of COB in this system. Therefore at pH values where retention was significant it was only possible to measure relative rates of 14C02-evolution. The change in retention depended only on the pH of the buffer, and was independent of substrate and cell concentrations.
Measurements of the incorporation of' activity into the bacteria were done by filtering 0-1 ml of the acidified suspension through an Oxoid membrane (0.45 pm) and washing with vessels were calibrated by the method described by Raa & Goksaryr (1965) , and the amount of 14C02 produced (in pmol) was calculated.
Corrections for the retention of total CO, in the buffer were done by conventional techniques as described by Umbreit, Burris & Stauffer (1957) .
Cell-free extracts. Bacteria, harvested from 2 1 of culture medium, were washed twice in 0.05 M-tris (hydroxymethyl) aminomethane-HC1 (tris-HC1) buffer (pH 7.6) and subsequently suspended in 20 ml of the same buffer and frozen at -24 "C. The bacteria were broken in a BioTec 'X-press' and the resulting pellets were centrifuged at 25000 g for 20 min. The supernatant was used as cell-free extract. Some cell debris could be obtained after centrifuging the Sporocytophaga myxococcoides extract at 105 ooo g. This did not lower the activity of the assayed enzymes much, so that any distinction between particulate bound and soluble enzymes was impossible. The Escherichia coli extract was used after 20 min at 105 ooo g. The cell-free extracts were stored at 4 "C and used for enzyme assays within three days. Protein was determined by the method of Lowry, Roseborough, Farr & Randall (195 I) using bovine serum albumin as a standard.
Assajts of enzymic activity. Assays were performed with extracts from Sporocytophaga ngyxococcoides and Escherichia coli B in order to compare the activity in the former organism with an organism with known metabolic pathways. Initial reaction rates were proportional to the amount of protein in the cell-free extracts and were linear for several minutes. Necessary blank determinations were performed and, where appropriate, the specific activities which are reported have had endogenous values subtracted. One unit of activity is that required to convert I pmol substrate or coenzyme/min/mg protein. When pyridine nucleotides were measured, the molar extinction coefficient was taken as 6-22 l/cm/,umol.
Glucose-6-phosphate dehydrogenase (~-glucose-6-phosphate : NADP oxidoreductase, EC. I . I . I .49) activity was determined by following NADP-reduction as described by Kornberg & Horecker (1955) . The reaction mixture contained: tris-HC1 buffer (pH 7.6), I 50 pmol ; MnCl,, 5 pmol; glucose-6-phosphate, 7 pmol ; NADP, I pmol ; cell-free extract ( I to 2 mg protein); and water to 3 ml. The reaction was started by adding NADP and followed at 340 nm with a Beckman DB spectrophotometer. The activity of 6-phosphogluconate dehydrogenase [6-phospho-~-gluconate: NADP oxidoreductase (decarboxylating), EC. I . I . I .44] was determined iis described by Horecker & Smyrniotis (1955) . It differed from the preceding assay in that 6-phospho-gluconate (10 pmol) replaced glucose-6-phosphate.
The activity of the non-oxidative part of the PP pathway was assayed by measuring the production of glyceraldehyde-3-phosphate from ribose-5-phosphate as described by Brubaker (1968) .
Fructosediphosphate aldolase (D-fructose-diphosphate aldolase, EC. 7 . I . 2.7) was determined by coupling the production of glyceraldehyde-3-phosphate to the reduction of NAD by glyceraldehyde-3-phosphate dehydrogenase (Brubaker, 1968 Gltrcose cntaboliswz in S. myxococcoides 
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The results from a representative experiment with added uniform and specific labelled glucoses are shown in Fig. 2 . The distribution of 14Cin this and other experiments is shown in Table I . In this experiment, the respiration was proceeding at a nearly constant rate, because the high initial substrate concentration (5.6 x I O -~ M) ensured that there was no glucose depletion during the experiment.
The relative rates of 14C0,-evolution from the different labelled positions in the glucose molecule were in the order CU > C I = C2 = C6. When the rate of lTO,-evolution from C6 was taken as unity, the average rate in six experiments was: C I = 0.95 & 0.08, C2 = 1-00 & 0.08, and CU = 9-07 1-30. From this relationship it is possible to calculate the rate of W O , evolution from the C3 and C4 positions, because when Cr = C6 and C I = C2 it follows that C2 = C5 and C3 = C4. The resulting relative rates would be: C3 = C4 = 2.6 & 0.6, and C2 = C5 = CI = C6 = I . This can be expected when an organism is operating an EMP pathway in connexion with a tricarboxylic acid cycle (Mahler & Cordes, 1969) . As shown in Table I , the lower recovery of 14C02 from positions C I , C2 and C6 in glucose was compensated for by a higher incorporation into the bacteria than with uniformally labelled glucose.
The lack of any difference between l4C0,-evolution from positions C I and C6 indicated a lack of the PP pathway. This is also in accordance with the observations that the bacteria were unable to utilize gluconate and pentoses for growth and respiration.
Activities of PP-pathway enzymes in cell-free extracts from Sporocytoplzaga r~~~*sococcoides and Escherichia coli are shown in Table 2 . No activities of glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase were detected in S. myxococcoides, even with protein concentrations much higher than used for E. coli. The aldolase activity was higher in E. coli extracts than in S. inyxococcoides extracts, reflecting the different respiratory rates of the two organisms (Qo, = 670 and 70 respectively for the two organisms with glucose as substrate). In both organisms, glyceraldehyde-3-phosphate was produced from ribose-5-phosphate. These results confirm the results from the respirometric experiments. S. nij*xocorcoides does not have the oxidative part of the PP pathway, and the biosynthetic needs for pentoses are fulfilled by the reversible reactions in the non-oxidative part of this pathway.
Sporocytopliaga myxococcoides was unable to use acetate and pyruvate as energy and carbon sources. However, substantial respiration of these labelled substrates occurred, and they were accordingly used to investigate the function of the TCA cycle. Glucose catabolism in S. myxococcoides 33 Fig. 4 . The distributions of 14C in these experiments are shown in Table I . The total recovery of 14C from these substrates was consistently lower than from glucose. The two carbon atoms of acetate were respired at the same rate, but the apparently higher incorporation of C2 than of CI was within the variance of these experiments.
The evolution of 14C02 from the different positions in pyruvate was in the order CI > C2 > C3. The incorporation of label was in the order C3 > C2 > CI. Thus, a lower production of 14C2 from positions C2 and C3 was compensated for by a higher incorporation into the bacteria. These results indicate the operation of a complete TCA cycle.
D I S C U S S I O N
The radiorespirometric method described by Raa & Goksaryr (1965) can be used for the investigation of metabolic pathways. It has earlier been used for measuring the participation of the PP pathway in the metabolism of glucose in yeast and algae (Gurvin, 1968) . The method is simple and rapid. The limitations of the method are the relatively high specific activity necessary in the substrates, and the influence of the retention effect at pH values above neutrality. The combination of this method with assays of enzyme activity in the bacteria gave conclusive evidence of the EMP pathway as the only pathway for glucose catabolism in Sporocytophaga myxococcoides. This is in conflict with the results obtained by Starr & Klein (1954) with a non-cellulolytic Sporocytophaga sp. Their organism, which can be classified as a sporocytophaga by using morphological criteria according to Stanier (I940), did have a PP pathway.
The lack of the oxidative part of the PP pathway in a bacteria with the EMP pathway is unique, since Wang (1972) states that in all aerobic bacteria where the last-mentioned pathway occurs, there is also some activity of the PP pathway.
However, aerobic bacteria which normally have enzymes of the oxidative part of the PP pathway may lose one or more of them without disastrous results for the organism. Mutants of Escherichia coli have been obtained which lack enzymes in the PP pathway (Fraenkel, 1968) . Pasteurella pestis lacks glucose-6-phosphate dehydrogenase (Bowman, Brubaker, Frischer & Carson, 1967) . Some obligate anaerobic bacteria, which are unable to use the oxidative part of the PP pathway, lack this part completely (Hespell & CanaleParola, 1970; Linke, 1969) .
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Thus it looks as if Sporocytophaga rnyxococcoides has a metabolic pathway for glucose catabolism typical of anerobic bacteria. S. rnyxococcoides has never been grown under anaerobic conditions (Stanier, 1942) yet it produces lactic acid under oxygen-limiting conditions (Speyer, 1953) . This last result has been confirmed with our strain, and there is a significant uptake of glucose under anaerobic conditions (A. 0. Hanstveit, unpublished results).
In contrast to earlier results (Stanier, 1942) our bacteria were able to respire acetate and pyruvate, but without utilizing these compounds as substrates for growth. This phenomenon is also found in other bacteria (Keele, Hamilton & Elkan, 1970; Raj, 1967) .
The respiratory patterns of acetate arid pyruvate do not follow a typical pattern indicating the operation of a complete TCA cycle. Usually one finds that the ratio between the C02-evolution from Cr and C2 in acetate and from C2 and C3 in pyruvate are the same, indicating that the two substrates are respired b j the same pathway (Raj, 1967) . In Sporocytophaga rnyxococcoides, the evolution of 14C02 from the labelled acetate resembles the evolution of C 0 2 from glucose, with identical rates of respiration of C I and C2 carbon, whereas with pyruvate, 14C02 evolution from C3 is considerably lower than from C2.
We are not able from our present results to explain the differences in respiration pattern between pyruvate and the other two substrates. A possible explanation may be that the different substrates have different influences on the regulatory mechanisms of the metabolism. Acetate inhibited the growth of this organism, while pyruvate did not (A. 0. Hanstveit, u n pu bl i shed r esu 1 t s) .
